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casting and is attributed to the BeO wash and/or the relatively poor vacuum. The powders were
exiruded into 12-cm diameter rods at 900 and 950°C (except Ti-34A1-4Be which was extruded at
1150°C). Successful extrusions were obtained for Ti-6Al-4V-4Be, Ti-6Al-4V/-7Be, Ti-25V-3Al-4Be, Ti-
25V-4Ai-7Be, and Ti-34Al-4Be.

The Ti-6Al-4V-4Be alloy has a single-phase microstructure and contains a fing, uniform dispersion of
TiBe,. The Ti-25V-4Al-7Be alloy has a two-phase microstructure containing 3-um-diameter grains. The
continuvous phase is enriched with V, but does not contain Be. The discontinous phase, which contains
50 at.% Be, also has a fine dispersion of TiB,.

The Ti-6Ai-4V-xBe and Ti-25V-xBe alloys were machinable by conventional techniques. The densities
of the extrusions were from 3.4 to 19% lower than that of Ti-6Al-4V. Dynamic moduli at 25°C were 159
Gpa for Ti-6Al-4V-7Be, 137 Gpa for Ti-25V-4Al-7Be, and 194 Gpa for Ti-34Al-4Be, which are improve-
ments of 15-45% over the base alioys. Of the heat-treatments investigated, 1000°C/20 h yielded the
best mechanical properties. Compressive flow stresses of 1000 MPa (145 ksi) at 700°C and 415 MPa
(60 ksi) at 185°C were measured for Ti-6AI-4V-7Be. Strengths of this alloy exceed reported values for
TiAl and Ti Al al'oys at temperatures lower than 800°C. The other alloys were comparably strengthened.
Fracture thoughness values of 19 MPa(m)'? were obtained for the Ti-25V-4Al-7Be alloy.

Attempts to produce rapidly solidified Ti-Al-Li and Ti-Al-Mg were unsuccessful because of excessive
vaporization of Li and Mg at the temperatures required for melting and atomization of Ti ailoys.
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PREFACE
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1. INTRODUCTION

The objective of the program on Development of Lightweight Titanium Base Alioys is to develop practi-
cal lightweight titaniun alloys for use in advanced Naval aircraft structures and propulsion systems. These
alloys should possess significantly better mechanical properties on a density-normalized basis than current
structural and propulsion titanium alloys and be suitable for vse at higher service temperatures. The specific
property-improvement goals were 10% lower density, 50% higher elastic modulus, and 56% higher strength
than Ti-6Al-4V and a 150°C increasc in service temperature above that of Ti-6Al1-2Sr1—4Zr-2Mo.

Alpha-based Ti-6Al-4V, with its excellent combination of strength and fracture toughness, and Ti-25V-
based beta alloys, with their high strengths and ductilities, were selected as base alloy compositions. After
the program began, the gamma-Ti-35Al alloy was added. The principal thrust was to add significant
amounts of Be to these base alloys by iapid solidification processing (RSP). Beryllium substantially de-
creases the density of the alloy, provides subsiantial solid-solution strengthening because of its atomic radius
mismatch with titanium, and provides dispersion strengthening by TiBe; dispersoids. Rapid solidification
processing is necessaiy to exceed the equilibrium sclid solubility (1 wt% Be in beta Ti and 0.2 wt% Be in al-
pha Ti) and to avoid segregation. Additions of small amounts of B, C, Si, and Er;O3 were made to the base
alloys to produce further increases in strength, modulus, and creepresistance at high temperatures.

A secondary thrust of this program was to add Li and Mg to the base alloys in sufficient concentrations to
decrease overall alloy densities by 10% or more. The volatility of Mg and Li at the melting temperature of
Ti required the exploration of innovative melting techniques.

The approach of this program was to produce rapidly solidified powders by an appropriate technique, con-
solidate powders to fully dense bars, evaluate mechanical properties, and correlate the mechanical properties
with microstructures.
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2. RESEARCH OBJECTIVES AND APPROACH

The overall objectives of this program established by MDRL were to (i) produce RSP powders of alloys
of Ti-6Al-4V and Ti--25V containing varying amounts of Be, Li, Mg, B, C, Si, and Er,03 ; (2) consolidate
thesc alloys to fully dense rods; (3) evaluate the mechanical properties of these alloys after suitable heat-
trcatments; and (4) correlate the mechanical properties with the alloy microstructures. The research
described in this report was conducted under six tasks.

Task 1: Alloy Selectior and Preparation

Eleven titanium-based alloys containing two concentration levels of Be with and without small amounts
of B, C, Si, and Crp03 were chosen. Seven master alloy ingots were successfully cast.

Task 2: Rapid Solidificetion Processing

7-kg castings served as the charge for rapid solidification rate (RSR) powder production. Powders of six
alloys were successfully produced with yiclds varying between 435 and 1705 grams.

Task 3: Consolidetion and Thermomechanical Processing

All six alloys were extrnded into 13--mm- (0.5-in.) diamieter bars. Extrusion ratios were approximately
13:1 and two extrusion temperatures were used for most alloys. Extrusions were given two different heai-
treatments in preparation for mechanical property evaluation.

Task 4: Microstructural Characterization

Scanning electron microscopy, Auger electron spectroscopy, and transmission: electror microscopy were
emploved to determine the microstructures, identify the different phases, and characterize the fine disper-
sions in the Ti-6Al-4V- and Ti-25V-based alloys.

Task 5: Mechanical Property Evaluation

Tne density and dynamic modulus were detcrmined for each class of alloys. Elevated-temperature tensile
and compressive strengths and creep properties were determined for these alloys in the as-extruded and
heat-treated conditions. The fracture toughness of the beta alloys was determined.

Task 6: Alloy Assessment

The evaluated alloys wer: assessed by comparing their properties with the program goais.
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3. SELECTION AND RAPID SOLIDIFICATION PROCESSING OF
BERYLLIUM-CONTAINING TITANIUM ALLOYS

3.1 Alloy Selection

The U berylhum-contaning titanium alloys investigated in this study are listed i Table 1. Alloys 1-5 arc
variations of the a/B alloy Ti-6Al-4V, which is used cxtensively in Navy aircraft structural applications.
‘These compusitions were chosen to investigate the cffects of twe different levels of Be additions as weil as
the effects of B, C, Si, and ErzO3 additions. Alloys 6-10 arc variations of the ductile 8 Ti-26V alloy, wh.ch
has high strength and is formable at room teniperature. ‘These B alleys also contain two levels of Be addi
tions, as well as B, C, Si, and ErOy . Alloy 11, which was addzd after the start of this program, permitted
the cvaluation of a low-denisity, dispersicn-strengthensd az + y titanium aluminide, which has cxcellent
high temperature strength and oxidation resistance.

Tadle L. Ti-Al-Be alloys selected for this study.

r4
S

Alloy

Ti-6A14V-2.75Be
Ti-6A1-4V-2.758¢-2Er, O,
Ti-6A1-4V-2.75Bc-1B-1C-15i
Ti-bAI-4V-S.5B¢
Ti-6Al-4V-5.5B¢-1B-1C-1Si
Ti-20V-2.75B¢-.75Al
Ti-26V-2.75Be-18-1C-75Al
Ti-26V-2.75Be-2Er, 0, -. 75Al
Ti-26V-5.5Bc-1.5Al
Ti-26V-5.5Bc-1B-1C-1.5Al
Ti-34Al-4Be

— O O 0 NN BN e

— —

89-224-300a
32 Rapid Solidification Processing

The alloy powders were produced by the rapid-solidification-rate (RSR) process at Pratt and Whitney
Aircraft, West Palm Beach, FL. The procedure consiste! of heating the charge in an uncoated graphitc cru-
cible cquipped with a graphite stopper rod, homogenizing the melt for approximately 5 minutes. raising the
stopper rod to initiate metal (low, atomizing the raclt stream with a 100-mm-diameter cup rotating at 19 000
rpm, and cooling the metai droplets with helivum gas. The initial attempt was with Ti-6Al-4V-5.50¢ (alloy
4), for which thc charge consisted of chunks (-30-mm cubic dimensions) of Ti-6A1-4V and sections of
10-mm-diamcter Lockalloy (60 wt% Bc-40 wt% Al masteralioy} rods. The Lockalloy melted and reacted
with the graphite control rod which initiated flow before the Ti-6A1-4V picces melted, and the matcrial was

scrapped.

A sccond atomization run was attempied with Ti-6Al-4V-2.5B¢ (alloy 1), but the Be reacted with the
graphitc crucible and openced Icaks before the Ti-6AI-4V pieces melted. This material was also scrapped.

Bascd on the first two runs, it was concluded that prealloyed ingots were required  Advanced Metallurgy
and ‘Testing (AMT) Corporation, Reading, PA, was contracted to produce prealloyed ingots to scrve as
charges foi the RSR atomization runs.

The cxperimental setup at AMT is shown in Figure 1. The Ti, small chunks of Lockalloy (60 wi% Be-40)
wt% Al), and granules of boron, carbon, silicon, and crbium oxide were placed in a 150-mm- (6-in.) diame-
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ter alumina crucible, which was coated with a BeO wash, The Lockalloy chunks were placed on top of the
titanium 5o that they would dissolve into the titanium upon melting. The induction heated crucible was
cquipped with a removable top to facilitate temperatuve meastrements with an optical pyrometer. The en-
tire sciup was housed inside a mechanically pumped vacuum system.

\— Induction hected

tilting crucible

\—Chilled graphite mold

Figure 1. The experimental Ti-Be-alloy
casting system at Advanced Metallurgy and
Testing Corp.

89-224-272

The melt chamber was alternatively evacuated and backfilled with argon. The charge was heated under a
vacuum of 40 Pa (0.3 Torr) at a rate of 35°C/min; when complete melting occurred, heating was continued to
superheat the melt by about 125°C, after which the system was baclfilled with Ar and the melt was poured
into chilled graphite molds.

Castings were obtained for alloys 1, 4, 5, 6, 8, 9, and 11. The Lockalloy melted at =1195°C, in agreement
with reported data. Complete melting occurred at around 1345°C, which is considerably lower than the
mclting temperatnre of titanium (1668°C). Material yields were greater than 95%, resulting in ingots
weighing between 6 and 7.5 kg. The chemical analyses of the castings were perforrned by Analytical Associ-
ates of Detroit, MI. The seven castings were shipped to Pratt and Whitney Corp., West Palm Beach, FL, for

powdcr production,

Pratt and Whitney attempted rapid solidification rate (RSR) atomization runs with the seven ingots.
RSR powders were successfully produced from all the alloys with the exception of alloy 6 which apparently
contained many ceramic particulates (possibly BeO) which clogged the 9.5-mm (0.375-~in.) orifice of the cru-
cible, thus terminating the melt flow.

Table 2 lists the melting temperatures (temperatures at which all solid pieces were visually observed to
disappear), the pour tempe:atures, and the yields of -80-mesh powders of the six successful runs. The first
run (alloy 1) was poured at a higher temperature as a safety factor to guarantee complete melting. Because
this procedure was successful, the next four runs were run with a melt pour temperature of 1240-1320°C,
The pour teraperature of the final run was higher (1420°C) because of the higher melting point of TiAl
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Table 3 compares the Ti-Be alloy powder and ingot compositions with the target compositions, and also
lists the O, C, N, and H concentrations. The Be concentrations in the initial charges were 30% higher than
the desired final concentrations to compensate for possible loss during the two melting operations; however,
there was no noticeable loss during casting or powder production. With the exception of ErzQ3, all other
additions were at acceptable levels. In alloy 8, the EroQ4 powder was sprinkled over the other chunks to
attain a morc homogencous melt, but the cast ingot contained virtually no crbium. An alternate technique
for adding erbium would be to enclose the ErpO3 powder in a ‘itanium envelope and add this envelope to
the other chunks before melting.

The levels of C, N, and H are acceptable, but the O level is high. The first alloy (#1) was cast at 1595°C
and contained the highest concentration of oxygen. Although the alloys cast between 1425 and 1460°C con-
tained Iess oxygen, no correlation exists between the casting temperatures and oxygen concentrations in
these alloys. Probable sources of this oxygen pick-up are the relatively poor vacuum (40 Pa) during heating
and the BeO wash used to protect the alumina crucible from the melt.

The elemental compositions of all of the powder lots were close to those of the starting ingots, and impu-
rity concentrations did not increase during the production of this powder. The low C levels indicate that
melt pouring occurred at a temperature sufficiently low to avoid reactions with the graphite crucible.

Table 2. The melting temperature, pour temperature and —80 mesh
power yields of Ti-Al-Be powders produced by the RSR process.

Melt Pour
Alloy temperature | temperature Yield %
C) ©C) (g) | Yield
1 1370 1465 790 24.7
4 1170 1260 955 15.0
5 1200 1320 435 6.0
6 1130 1225 . -
8 1150 1250 700 10.7
9 1160 1240 925 143
11 1325 1420 1905 | 287
89-224.301
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Table 3. Compositions of Ti-Be Ingots and powders.
Ingot Powder Target
Alloy Flement composition composition | composition
(wt %) (wt %) (wt %)
1 Al 6.0 6.0 6
v 3.0 28 4
Be 38 39 278
C 0.01 0.01
0 1.7 13
N 0.04 0.08
H 7 ppm 25 ppm
4 Al 6.8 6.7 6
v 5.0 45 4
Be 73 73 5.5
C n.01 0.06
O 0.53 0.68
N 0.02 0.03
H 16 ppm 26 ppm
s Al 6.6 6.6 6
v 4.2 38 4
Be 69 71 55
B 0.84 0.85 1
Si 092 093 1
c 0.76 0.79 1
(o] 0.40 0.38
N 0.02 0.02
H 13 ppm 29 ppm
6 Al 2.38 238
\ 2.5 26
Be 398 2.75
C 0.096
() 0.65
N 0.024
H 21 ppm
8 Al 25 25 2.4
\ 25 27 26
Be 4.0 4.0 275
Er 0.1 0.1 2
C 0.02 0.03
(o) 075 079
N 0.02 0.03
H 10 ppm 26 ppm
9 Al 4.5 44 4.8
\' 24 27 26
Be 6.7 7.2 55
C 0.02 0.05
(0] 0.26 04!
N 0.02 0.03
It 14 ppm 22 ppm
11 Al 34 35 35
Be 4.3 42 5
C 0.02 0.18
0 0.07 0.14
N 0.02 0.02
H 12 ppm 23 ppm
89-224-302
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4. CONSOLIDATION AND THERMOMECHANICAL PROCESSING OF
RAPIDLY SOLIDIFIED Ti-Al--Be AND Ti-V-Be ALLOYS

RSR powders of the six Ti-Be alloys were extruded into rods by Nuclear Metals Incorporated, Concord,
MA. ‘The powders were canned in 50-mm-diameter mild steel cans with 3-mm-wall thickness, cold com-
pacted at 280 MPa (40 ksi), evacuated at 400°C to 1 mPa (105 'Torr), and sealed. The compacts were cx-
truded in a 300-ton press through a 14.6 mm (0.575 in.) die to yicld a reduction ratio of 12.6:1. It was
nceessary to extrude at the lowest possible temperature to avoid dispersoid coarsening and t¢ impart maxi-
mum stored encrgy into the bar; a starting temperature of 950°C was chosen.  All billets were heated in a
nitrogen atmosphere for two hours. Billets 1A, 8A, 4A, and 9A were extruded in that order at 950°C. All
billets extruded well cnough to attempt to extrude at a lower temperature. Billets 1B, 83, 4B, 9B, and 5A
were then extruded in that order at 900°C. Billets 1B, 4B, and SA cxperienced some can tearing approxi-
matcly half way through the extrusion process; however, the affected regions were small and surfaces before
and after the tears were sound. The can tearing is attributable to discontinuities in the cold compacts result-
ing from interruptions during the cold-compacting procedure, whereby two separate plugs of powder may
have been formed.

When extrusion of billet 11A was attempted at 950°C, a stall occurred and no matcrial flow was ob-
served. Subscquent extrusions were attempted at 1000, 1100, and 1150°C and at a lower reduction ratio of
10.5:1, but no matcerial flow was attaincd in any attempt. The billets of alloy 11 were then canncd in 75-cm-
diamcter mild steel slceves and extruded in a larger, 1400-ton, press. Successful extrusions were obtained at
1130°C with a reduction ratio of 14:1.

Photographs of the extrusions arc shown in Figures 2a and b. Generally, 180 cm (5 feet) of good material
was obtained for cach extrusion. Two extrusions of cach of alloys 1. 4, 8, and 9, onc extrusion of alloy 5, and
three extrusions of alloy 11 were produced.

Figure 2. (a) Extrusions 1a, 4a, 5a, 8a, and 9a and
(b) extrusions 1b, 4b, 8b, and 9b.
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S. MICROSTRUCTURES OF RAPIDLY SOLIDIFIED Ti-Al-Be
AND Ti-V-Be ALLOYS

Ti-6A-4V-dBc and 'Ti-25V-4Al-7TBe were chesen as representative alloys and their microstructures
were characterized by scarning clectron microscopy (SEM). Auger electron spectroscopy (AES), and trans-
mission ¢lectron microscopy (VEM). Figures 3a «nd b are scanning clectron micrography of a polished and
ctehed 'T1-6A1- 4V-4Bc sample. This alloy has a single-phase microstructure, in contrast to vive two-phase
microstructure of Ti-6A1-4V. Apparcntly, the b stabilizing cffcct of V is significantly reduced in the pres-
cnce of Be. The 10-pm-diameter particies shown in Figure 3b have been identificd as beryllium oxide by
ALS, asis indicated by the Auger spectrum n Figure 4. The composition (60-70 ar.% Ti, 20-25 at.% Be,
R-12 at.% Al #nd 2-4 at.% V) of the alloy deicemined from an AES spectrum of the matrix, shown in Fig-
ure S, ixin good agreement with chemical analysis. Figure 6 is a dark-field TEM micrograph showing the
fine T8¢ dispersion in the 1-6AL-4V-TBe alloy.

-
n ) s

£9.224.289,

Figure 3. Scanning electron micrographs of the Ti-6Al-4V-4Be alloy
showing the single-phase microstructure. Particles are beryllium oxide,

Ia contrast vo the single-phase 'Ti-6A1-4V-4Bc alloy, Ti-25V-4Al-7Bc has the two-phasce, fine-grained
microstructure shown in Figure 7. The AES spectra shown in Figures 8 and 9 indicate the continuous phase
10 be Ti-3SV-9A1 (50-60 at.% 11, 20-30 at.% V, and 7-10 al.% Al), and the discontinuous phasc to be
Ti-25Be-5V (50-60 at.% Be, 30-40 at.% 11, and 3-5 at.% V). 'This alloy contains relatively large beryllium
oxide partictes as shown in Figure 10, The discontinuous phase contains fine dispersions of TiBc; , as shown
in Figurcs 1a and h.

11
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Dervivative of electron intensity
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Figure 4. Auger electron spectroscopy (AES) spectrum which ider:tifies
the 10-um-sized particles in the Ti-6A1-4V-4Be alloy to be heryllium oxide.
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Figure §. AES spectrum of the matrix of the Ti-6Al-4V-4Re alloy.

12




NAWCADWAR-94098-60

80.224-291 [
100 nm

Figure 6. Dark-field transmission electron micrograph (TEM)
showing the fine TiBe, dispersion in the Ti-6Al-4V-7Be alloy.

13
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Figure 7. Scanning electron micrographs of the Ti-25V-4Al-7Be alloy,
showing the two-phose, fine-grained microstructure.
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Figure 8. AES spectrum of the continuous phase of the Ti-25V-4A1-7Be alloy
identifying it to be Ti-35V-9A1 (50 - 60 at.% Ti, 30 - 40 at.% V, and 7 - 10 at.% Al).
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Figure 9. AES spectrum of the dark discontinuous phase of the Ti-25V-4Al-7Be alloy
identifying it t» Le Ti 25Re-5V (50 - 60 at.% Be, 30 - 40 at.% Ti,and 3 -5 at.% V).
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Figure 10. AES spectrum which identifies the 10-um-sized particles
in the Ti-25V-4Al-7TBe alloy to be beryllium oxide.
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89-224-295

100 nm

Figure 11. TEM micrograph showing the fine Tile,d:spersion in the Ti-25V -1Al-7Be alloy.

16
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6. PHYSICAL AND MECHANICAL PROPERTIES OF RAPIDLY
SOLIDIFIED Ti-Al-Be AND Ti-V-Be ALLOYS

6.1 Hea. reatments

Mcchanical propertics were determined for the six sclected Ti-Be alloys in the as-extruded condition and
after cach of two heat-treatments. Specimens were scaled in evacuated quartz capsules for heat-treatments
at 750°C for 96 h and 1000°C for 24 h to cffcct diffcrent degrees of grain coarseninug.

6.2 Density of Ti-Be Alloys

The densitics of sclected alloy samples were determined by using the Archimedes technique with water
at 23°C: these densitics are compared with densitics of tnc reference alloys in Table 4. Additions of 4 and 7
wi% Be to Ti-6 Al-4V result in Jensity decrcases of 4.8 and 8.4%, respectively. Addition of 7 wi% Be o ihe
B-alloy 1i-25V yiclds a density which is 3.4% lcss than 'Ti-6Al-4V and 11% less than a commoa g-alloy,
Ti-15V-3Cr-3A1-3Sa. Addition of 4 wt% Bc to the y-titanium alloy Ti-35A1 decreascs its density by 4.6%,
which is 19% lower than that of Ti-6A1-4V.

Table 4. Densities of reference alloy and Ti-Be alloy extrusions.

% reduction
Denslty in density % reductlon in
Alloy 3 density compared
(g/cm”) compared to
reference ailoy to TI-5A1-4V

Ti-6A14V 443
Ti-6A1-4V-4Bc 4.22 4.8 4.8
Ti-6A1-4V-7Bc 4.06 84 8.4
Ti-15V-3Cr-3Al1-35n 4.81
Ti-25V-4Al-7Bc 4.28 11 34
Ti-35Al-1.5V 3.76
Ti-35A1-4Be 3.59 4.6 19

89-224-304h

6.3 Maodulus of Ti-Be Alloys

The temperature dependence of the dynamic inodulus of cach class of alloys was determined by picze-
electric ultrasonic composite oscillation technigques (PUCOT). Additior. of 7 wt% Be increases the modulus
of Ti-6AI-4V (Reference 1) by at Icast 509 as shown in Figure 12; the madulus is approximately 25% great-
er than that of Ti-14AI-20Nh-3V-2Ma (Reference 2) and approaches the value of the y-Ti alioy,

Ti-35A1- 1.5V (Referance 2).

17
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Figure 12. Temperature dependence of the dynamic modulus of

(o) Ti-6A1-4V-7Be, compared with published values of

(0) Ti-6A1-4V (Ref.1), (a) Ti-14A1-20Nb-3V-2Mo (Ref.2), and (v)

Ti-35A1-1.5V (Ref.2).

Addition of 7 wt% Be to Ti-28V results in a modulus which is 45% larger (Figure 13) than that of
Ti-13V-11Cr-3Al {Reference 1), of a conventional g-alloy. Figure 14 shows that the modulus of Ti-35Al
with 4 wi% Be is 15% larger than the modulus of Ti-35Al with 1.5 wt% V (Reference 2).

Elastic modulus, E (GPa)
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Figure 13. Temperature dependence of the dynamic
modulus of (o) Ti-25V-7Be compared with published
values of {a) Ti-13V-11Cr-3A1 (Ref.1).
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Figure 14. Temperature dependence of the dynamic
modulus of (o) Ti-35Al-4Be compared with published
values of (0) Ti-35A1-1.5V (Ref.2).

6.4 Elevated-Temperature Tensile and Compressive Strengths

Elevated-temperature tensile and compression tests were performed in air with a hydraulically actuated,
servoloop-controlied, test system (MTS Series 810) and a three-zone resistance-heated furnace (Applied
Test Systems model 2961). Figure 15a shows the circular-cross-section tensile specimen geometry. Button-
head grips and water-cooled pull-rods linked the specimen to the load cell and actvator. The compression
specimen geometry is shown in Figure 15b. Both tensile and compression specimens were fabricated with
conventional machining tecianiques employing tungsten-carbide-tipped cutters. For the higher-temperature
tests, forces were imparted to the compression specimens through Incone! 625 inserts sandwiched between
compression rams; deformation of the inserts was negligible. Tool-steel inserts were used for 25°C
compression testing. Unless otherwise noted, strain rates were S x 104/s and 5 x 10-3/s for tension ar.d

compression testing, respectively.

19
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Figure 15. (a) Tensile specimen geometry and
(b) compression specimen geometry.

The infaence of heat treatments on compressive strengths of Ti-6Al-4V-4Be clloy are shown in Figure
16. The 1000°C/24-h treatment yielded consistently higher strengths than the 750°C/100-h treatment. The
flow stresses are significantly higher in heat treated alloys than in extruded alloys. Ten:;ion and compression
strength values at 25-815°C are listed in Tables 5-10. The tensile specimens exhibited no plastic strain at
25°C. This room temperature brittleness is attributed to the high oxygen concentrations in the alloys. In
tne as-extruded condition, the brittle/ductile transition occurred between 500 and 609°C for
Ti-24V-4Al-7Be and Ti-6Al-4V-4Bc, and between 600 and 700°C for Ti-6Al-4V-7Be. The brittle/ductile
transicion temperature was higher in the heat treated alloys. The extrusion temperature of the bars had no
significant effect on properties. The specific strengths (density normalized strength values) are listed in

Tables 11-16.

The Be levels do not significantly affect the mechanical properties in the as-extruded condition. Howev-
er, after zach of the heat-treatments, the alloys containing 7 wt% Be are considerably (20-60%) stronger
th:an the comparable alloys which contain only 4 wt% Be.

Alloy 4, containing small amounts of B, C, and Si, was more brittle than alloy 4 as evidenced by the shat-

tering of the specimens before yizlding during room temperature compression testing (Table 8). However,
this alloy has high strengths at 600 and 700°C (Tables 8-10).

20
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Figure 16. Temperature dependence of the compressive flow stress of Ti-6A1-4V-4Be, (O as-extruded,
(4) following a 750°C/100 h heat treatment, and (0) following a 1000°C/24 h heat treatment.
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Table 5. Elevated temperature tensile fracture, yield, and ultimate stresses
and total elongations of Ti-Al-Be alloys in the as-extruded condition.
Test temperature
" 28°C 400° C §00° C 600° C 700° C
Extrusion
‘\‘ ‘\‘ ‘\‘ J N S ’ s h
Alloy temperature l\r:'l?a I\:ls’u !\:l?n hXIs’a I&T’: Elong l\Tll’a \“Jl:"n Elang
0 (ksl) (ksl) ksh) | ks | ks | B | ksh) [ ks [ (P
Ti-6Al1-4V-4Bc 950 675 (98.2) 99 1065 545 575
(144) (155) T 1(79.0) 1(83.1)] S5.7
Ti-6A1.4V.7Bc 950 680 (98.6) 760* 545 600
(110) (79.2) |(86.9)] 5.7
960 625 (90.8) 865*
(126)
Ti-24V-4Al1-TB¢] 950 1000 (145)[1085 (157) 875 920 6.5
Qazn (134)
900 1190 (173) 1075 (156)
£=5»10""ss
YS - yicld stress
UTS - ultimate tensile stress
FS.,* - {racture stress 89-224-305¢

Table 6. Elevated temperature tensile fracture, yield, and ultimate stresses
and total elongations of Ti-Al-Be alloys following a 750°C/94 h/AC heat

tr 2atment,
Test temperature
815°C
All Extruslton
oy temperature YS UTs Elong ‘
MPa (ksl) | MPa (ksi) (%) i
Ti-6Al-4V-TBe 950 149 21.7) | 156 (22.6) >40 Sx IOV:
201 (29.1) | 209 (30.3) > 40 10
Ti-24V-4A1-71Bc 950 105 (15.2) | 112(16.3) > 40 5% !0':
134 (19.5) | 144 (20.9) > 40 10
YS - yield stress
UTS - ultimatc tensile siress
89-224-3064
22
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Table 7. Elevated temperature tensile fracture, yield, and ultimate stresses and total
elongations of Ti-Al-Be alloys following a 1000°C/24 h/AC heat treatment.

Test temperature
Alloy Extrusion 700° C 815°C
temperature YS UTS Elong YS UTS Elong
MPa (ksi) | MPa (ksl) | (%) | MPa (ksl) | MPa (ks | (%) ¢
Ti-6A1-4V-TBe 950 414 (60.0)* 296 (43.0) | 3205 (46.8) 5.7 5 x 10::
287 (41.6) | 325 (47.1) 4.7 5% 10_3
397 (57.6) | 472 (62.7) 57 10
Ti-24V-4Al-7Be 950 305 (44.4) | 352(51.1) 11 148 (21.4) | 154 (22.3) 35 5 x IOj
141 (20.5) | 160 (23.4) 27 S x 10"3
190 (27.4) | 197 (28.5) 35 10
YS - yicld stress
UTS - ultimate tensile stress
* - fracture stress
89.224-3074

Table 8. Elevated temperature compressive flow stresses
of Ti-Al-Be alloys in the as extruded condition.

Flow stress MPa (ksl)

Extrusion
Alloy temperature Test temperature
¢C) 25° C 600°C | 700°C | 81s°C | 982°C
Ti-6Al1-4V-4Be 950 2250 (326)|] 935 (135) | 460 (66.8) | 100 (14.7)
2345 (340)

9500 2480 (359) | 1255 (182) | 650 (94.5) | 125 (18.5)

Ti-6A1-4V-7Be 950 2000 (290) | 1130 (164) | 545 (79.4) | 130 (18.6)
900 2225 (323) | 980 (142) | 555 (20.8) | 65 (9.5)

Ti-6Al1-4V-7Be- 900 1480 (215) { 1620 (225) | 850(123) | 80(11.4)

1B-1C-1Si

Ti-24V-2.5A1-4B¢ 950 1260(183) | 564 (81.8) | 240 (34.6) | 70(10.1)
900 1305 (189) | 570 (82.5) | 218 (31.6) | 65 (9.6)

Ti-24V-4Al-7Be 950 1630 (236)|| 540 (78.2) | 225 (32.9){ 55 (8.1)

1725 (250)

900 1780 (258) | 780 (113) | 335 (48.7) | 85 (12.0)

Ti-35A1-4B¢ 1150 1340 (194) 1490 (216) | 1080 (157) | 280 (40.7)
Ti-6Al-4V 975 (142) | 470 (68) | 285 (41.6)
£=10s 89-(224-308¢
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Table 9. EKlevated temperature cotirpressive flow stresses of
Ti-Al-Be alloys following a 750°C/94h/AC heat treatment.

Flow stress MPa (ksi)
Extrusion
Alloy temperature Test vemperature
O 28°'Cc | 100°C 815°C
Ti-6A1-4V-4Be¢ 950 2300(335) 235(34.0)
900 765(111) 180(26.3)
Ti-6A1-4V-7Be 950 960(139) 398(57.8)
900 975(142) 296(43.0)
Ti-6A1-4V-5Bc- 900 1285(186) 230(33.49)
1B-1C-1Si
Ti-24V-2.5A1-4Bc 950 1290(187)
900 300(43.5)
Ti-24V-4Al-7Be 950 425(61.4) 130(19.2)
90 455(65.8) 125(17.9)
89-224-309¢

€= 10—3/5

Table 10. Elevated temperature compressive flow stresses of
Ti-Al-Be alloys following a 1000°C/24h/AC heat treatment.

€=107s

24

Extrusion Flow stress MPa (ksi)
Alloy temperature Test temperature
0 25°C 700°C 815°C
Ti-6A1-4V-4Bec 950 2100(305) 885(128)
900 2110(306) 320(46.4)
Ti-6Al-4V-7Bc 950 1010(146) 425(61.5)
405(59.0)
900 990(143) 405(58.6)
Ti-6A1-4V-5Bec- 900 1195(173) 300(43.5)
1B-1C-1Si
Ti-24V-2.5A1-4Be 950 1390(202) 345(49.7)
900 265(38.1) 145(20.9)
Ti-24V-4Al-TBe 950 440(63.9) {200(29.’3)
170(24.8)
900 430(62.2) 176(25.5)
89-224-310c
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Table 11, Elevated temperature tensile specific strengths of
Ti-Al-Be alloys in the as-extruded condition.

Test temperature
Al Extrusion | _25°C {400°C | 500°C 600° C 700° C
% ltemperature| FS | FS | Fs | ¥§ | UTS Ys | uTs
MP. | MFa | MPa | MPa | MPa {Flong | mps | MPe | Flong
k g/“nii g/m ,3 dQ“S me ycnl (%) g/o“J g/a,nJ (%)
Ti-6A1-4V-4Bc 950 160 235 252 7 129 136 5.7
Ti-6Al-4V.-7Bc 950 167 187* 134 148 57
990 154 213+
Ti-24V-4A1-7Be 950 234 253 214 225 6.5
900 288 251
£=5%10"7 f

YS - specific yield stress
UTS - specific ultimate stress
IS, * - specific fracture stress
89-0224.311d

Table 12, Elevated temperature tensile specific streagths of
Ti-Al-Be alloys following a 750° C/94 h/AC heat treatment.

Test temperature
Extrusion 8158°C
All t t —
oy emp:ra ure vs |uTs
°0) Elong :
g/an® | glom®
37 | 38 |40 |5x107"
Ti-6AI-4V.78c | 950 so0 | s1|>40] 1073
25 26 | >40|5x% 10";‘
Ti-24V-4Al1-7B¢ 950 3 34 | >40 107
YS - yielu stress
UTS - ultimate tensile stress $9.0224 3124
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Table 13. Elevated temperature tensile specific strengths of Ti-Al-Be
alloys following a 1000°C/24 h/AC heat ireaiment.

Test temperature
Extrusion 700° C 818° C
Alloy temperature
(°C) YS | UTS - Ys |UTS Bos
MPa| MPu | 06| MPa | MPu| QN1 &
gan®| glam® glan® | glan’®
73 | 80 |57 |5x107
Ti-6A1-4V-7Be 950 102+ 7 80 (47 |5%x10
98 | 106 |5.7 10~
Ti-24V-4Al-7Bc 950 71 82 11 34 36 135 5%107
23 | 37 |21 |5x107!
44 | 46 | 35 107
YS - specific yield stress
UTS - specific ultimate stress
* - specific fracture stress
89-0224-313d

Tablc 14. Elevated temperature compressive specific strengths of
Ti Al-Be alloys in the as extruded condition.

Al
Specific strength l—%
Extrusion g/on
Alloy temperature Test temperature
°C)
25°C 600° C 700° C 815° C 982° C
Ti-6Al-4V-4Bc 950 533 } 22 109 24
556 |
900 588 297 154 30
Ti-6A1-4V-TRBe 950 493 278 124 32
900 548 241 137 16
Ti-24V-2.5A1-4Be 950 286 128 55 16
900 297 130 50 15
Ti-24V-4A)-7B¢ 950 381 126 52 13
403
oo 416 182 78 20
Ti-35A1-4Be 1100 373 415 301 18
Ti-6A1-4V 220 106 64
£=10"s §6.224.314b
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Table 15. Temperature dependence of compressive specific strength
of Ti-Al-Be alloys following a 750°C/94 h/AC heat ireatment.

. Specific strength M“E{
Allo Extrusion glan
y temperature Test temperature
25° 700° C 815°C
Ti-6Al1-4V-4Be 950 545 56
900 181 43
Ti-6Al-4V-7Bc 950 236 98
900 240 73
Ti-24V-2.5A1-4Bc 950 293
900 68
Ti-24V4Al-7TBe 950 9% 30
900 106 29
& =10 89-224-315¢

Table 16. Teriperature dependence of compressive specific strength of
Ti-Al-Be alloys following a 1000°C/94 h/AC heat treatment.

Specific strength :/1‘::3
Alloy t:‘;:tn:"::):re Test temperature
pe 75° 700 C 815°C
Ti-6A1-4V-4B:z 95G 498 210
Q00 500 76
Ti-6Al-4V-TRBc 950 248 102
900 244 100
Ti-24V-2.5A1413¢ 950 316 78
900 60 3
Ti-24V-4Al-7Be 950 103 47
40
900 100 41
_ | N
€=10 s 89.224-316¢
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Figure 17 compares the temperature dependence of the specific compresrive strength of Ti-6Al-4V-7Be
(1000°C/24-h anneal) with Ti-6Al-4V (Reference 1). The strengths are more than doubled by the Be addi-
tion over the entire temperature range. Figure 18 compares the specific tensile strengths of Ti-6Al-4V-
7Be and Ti~-6Al-4V (Reference 1). The specific tensile strength of Ti-6Al1-4V- 7Be at 25°C is low because
the sample failed before yielding, and the dotted line shows the anticipated strengths had the sample not
fracturcd before yielding. Figures 19 and 20 compare the specific tensile and compressive strengths, respec-
tively, of Ti-24V-4Al-7B¢ with Ti-15V-3Cr-3Al-3Sn (Reference 3) as functions of temperature. The ten-
sile specimens fractured before yicld at 25, 400, and 500°C. Howezver, the Be -containing alloys have
considcrably higher values of specific strength.

[} 1 H ¥ 1 T T T 30(X)
700 -
— & Ti-6Al-4V
‘g 600 |- & Ti-6Al-4V-TBe
o3
5 S00FR---- ... ) 2000
= 400 - te. e
£ 300 A S
g |
g Y ~1000 2
& 200 :\'\.\. \
;% 100
0 1 a. 1 1 1 1 ! i 0
0 100 200 300 400 500 600 700 800 900
Temperature (°C)
89.224-280d

Figure 17. Temperature dependence of compressive specific
strength of (a) T1-6Al-4V-TBe compared with published values

of (w) Ti-6A1-4V (Ref.1).
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Figure 18. Temperature dependence of tensile specific strength of
(8) Ti-6A1-4V-7Be compared with published values of (8) Ti-6Al-4V
(Ref.1).
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Figure 19. Temperature dependence of tensile specific strength of
(o) Ti-25V-4Al-7Be compared with with published values of
(w) Ti-15V-3Cr-3A1-3Sn (Ref.3).
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Figure 20. Temperature dependence of compressive specific
strength of (o) Ti-25V-4Al-7Be compared with published values
of (w) Ti-15V.3Cr-3A1-3Sn (Ref.3).

Figure 21 comparcs the compressive specific strengths of Ti-6A1-4V-7Be and Ti-34A1-4Be allcys with
those of gamma (Reference 2) and alpha-2 (Reference 2) titanium aluminides and conventional titanium
alloys (Reference 1). At temperatures below 800°C, the Ti-6A1-4V-7Be alloy has significantly higher
strength than the titanium aluminides. ‘The imited data for Ti-34Al-4Be show it to be very strong above
700°C; however, the alloy is brittle.
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Fizure 21. ‘Temperature dependence of compressive specific strength of
() Ti-6Al-4Y-TRe and (v) Ti-34A1-4Be compzred with published values
for (o) Ti-€AL-4V (Ref.1), (a) FiyAl base alloys (Ref.2). and (o) TiAl

base alloys (Ref.2),

6.5 Creeu Properties

Creep propertics of Ti-25V-4Al-7Be and Ti-6Al-4V-7Be were cetermined at 700°C by compression
testing using the specimen geometry shown in Figure 15b. The stress dependence of the creep rates for all
three heat-treated conditions of Ti-25V-4Al-7Be are compared with published valuzs of Ti-6Al-4V (Relcr-
cnce 4) and Ti-6Al-28n~-4Zr-2Mo (Reference 4) in Figure 22. The 1000°C/24-h aoncaled Ti-25V-4Al-7B¢
has av order-of-magnitude better creep resistance than Ti-6A1-2Sn-4Zr-?Mo. This result is particularly
noteworthy because beta alloys in general have poor craep resistance.  All three heat-treated conditions of
Ti-25%/-4Al- 7Be are much supcrior to Ti-6A1-4V.

Figure 23 shows that the creep rates are significantly lower in Ti-6Al-4V- 7Be than in
Ti-6Ai- 2Sn-4Zr-ZMo (Refzrence 4) and Ti-6Al-4V (Reference 4).
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Figurc 22. Stress dependenc? of creep rates at 700°C of Ti-25V-4A1-7B¢, (o) as-exiruded,

and after (o) 750°C/%6 h and (a) 1000°C/24 h heat treatment, compared with published
values Jor (v) Ti-6Al-23n-4Zr-2Mo (Ref.4) and (- -) Ti-6A1-4V (Ref.4).
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Figure 23, Stress dependence of creep rates at 700°C of Ti-6A1-4V-7Be,
i0) as-extruded, and after (a) 750°C/96 h and (2) 1000°C/24 h heat treatment, compared
with pudblished values for (v) Ti-6A1-2Sn-4Zr-2Mo (Ref.4) and (- -) Ti-6A1-4V (Ref.4).
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6.6 Fracture Toughness

The specimen geometry shown in Figure 24 was used for fracture toughness determinations. The speci-
mens were fabricated by electrical discharge machining and were notched with a 0.1-mm~ (3.004-in.) diame-
ter wire. Testing was in accordance with ASTM E399. Stable cracks were initiated by subjecting the
specimens to axial compressive fatigue loading. The fracture toughness values of two specimens of
T1-25V~4Al-7B¢ 2iong with those of Ti- 6Al-4V (Reference §) and titanium aluminides are listed (Reference
2) in Table 17. Although the values for {i-25V-4Al-7Be are considerably less than the values for 1i-6A1-4V,
they compare favorably with the titanium aluminides. The values of the 'Ti-Be alloy might have been greater
had the oxygen concentration beer. lower. The fracture surface of the Ti-25V -4Al-7Bc specimen (Figure
25) shows ductile~dimple fracture.

i /— EDM rnoteh, 2.5 mm deep
— U__..._ N

Gmm|--
[ O P
6 mm 89-224-287a

Figare ¥4 Fraciure coughness specimen geomatry,

Table 17, Fracture toughness vaiues of two
Ti-25V-4Al-7Ise samples compaved with published
values for other alioys.

Ml’a,{m

Ti-25V-4Al-7Be 184

19.1
Ti-6A14V (Ref 5) 45
TiAl based alloys (Ref 2) 16
Tiz Al based alloys (Ref 2) 15

89-224-317a
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Figure 25, Scanmng electron micrographs showing
ductile-dimple fracture surfaces of Ti-25V-d4A1-TBe
fracture toughness specimen,
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7. Ti-Al-Mg AND Ti-Al-Li ALLOY DEVELOPMENT

Although the use of Li and Mg as alloying elements in Ti can effect large reductions in density, standard
methods of preparation are not feasible bscause of the volatility of Li and Mg at the Ti melting temperature.
A sccondary thrust of the program on Development of Lightweight Titanium Alloys was to investigate differ-
ent techniques of producing Ti-Al-Li and Ti- Al-Mg alloys. The techniques investigated and the results ob-
tained are described below.

7.1 Powder Production by Laser-Melting/Spin-Atomization

Compacts of the 8 alloys listed in Table 18 were produced by blending elemental powders, filling the pow-
ders in 25-mm- (1-in.) diameter Ti cans, vacuum outgassing and sealing, and hot isostatic precsing (HIPing)
at 210 MPa. Samples HIPed at 800°C were not fuily compacted and Li was observed to bubble in cooling
water during subsequent machining. HIPing at 1000°C produced fully consolidated compacts. The Ti can
was removed and conversion of compacts to powder was attempted by a laser-melting spin-atomization
method. The compacts were mounted on a high-speed motor, rotated at 28 000 rpm in an argon environ-
ment, and hit with short bursts of radiation from a 12 kW CO- laser to maintain a molten layer on the tip
(Figure 26). Centrifugal force caused the expulsion of fine droplets which were rapidly solidified. The de-
tails of the experimental procedure are described in Reference 6. Laser power time duration, and beam lo-
cation were varied to obtain yields of fine powders. Generally, 5-5 durations of a slightly off-center 6-kW
beam yielded the best results. Yields of -60-mesh powder were small, about 2-5 g. Powders of three of the
alloys were chemically analyzed and the results are shown in Table 19. Significant amounts of Li and Mg
were lost during powder production despite the short lifetime of the molten layer before atomization. All
three ailoys contain excessively high levels of oxygen, nitrogen, hydrogen, and carbon.

Table 18. Ti-Li and Ti-Mg based alioys selected for
laser-melting/spin-atomization
(LAMSA) study.

A Ti-8Al-2Li
B Ti-8Al-1Li-3Mg-1B-1C-1Si

c Ti-26V-SMg-3Li-1Al

D Ti-26V-3A1-3Mg-1B-iC-1Li

E PREP (Ti-6A1-4V) + 10% (AI-20Li)
F PREP (Ti-V-Cr) + 20% (Al-20Li)

G PREP (Ti-6A1-4V) + 5% Mg

H PREP (T:-VCr) + 5% Mg

89-224-318a
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Figure 26. Experimental arrangement for production of rapidly
solidified titanium-alloy powders laser melting/spin atomization
(LAMSA).

Table 19. Compositions in weight percent of powders produced by LMSA,
target compositions are shown for comparison.

Alloy C Alloy E Alloy H
Alloying Target Actual Target Actual Target Actual
element composition composition composition composition composition composition
welght % welght % welight % welght % welght % weight %
—
Al 6 6.85 13 13.5
v 26 244 4 534 24 30.7
Cr 10 13.8
Mg 5 1.53 5 247
Li 3 0.59 2 0.78
o 9.87 4.66 1.36
N 0.43 0.75 0.18
C 0.55 0.19 0.96
H 438 ppm 1,374 ppm 514 ppm
$9-224.319a
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7.2 Pawder Production by the Plusma-Rotating Electrode Process (PREP)

Industrial Materials ‘Technology (IMTY fabricated clectrodes of cach of the ten 'Ti-Li- and Ti-Mg-based
alloys listed in“1able 20. MDRL supplied § kg of constituent powders for cach alloy. Because the tap densi-
ty of the blended powders was only about 23%, IMT consolidated the powders by cold isostatic pressing
(CIP) prior to HIP Lithium reacted with the rubber bag used for CIP and caused leaks, but replacement
siticone-rubber bags functioned satisfactorily. ‘Three bags of cach alloy were ClPed, and these compacts
were then stacked inside 76-mm- (3-1n.) diameter titanium tubes which were vacuum outgassed, scaled, and
lcak checked. HIP was performed at 1000°C and 105 MPa (15 ksi) for 8 h. Melt-through occurred in some
of the cans during HUP. Alloys 11, 13, 14, 15, 16, and 18 appcared (o be well consolidated, while alloys 12, 17,
19, and 20 were not fully compacted (sce Figures 27a and b).

Table 20. Ti-Li and Ti-Mg based alloys selected for plasma-
rotating electrode process (PREP) powder production study.

No. Alloy

1 Ti-8A1-2Li
12 Ti-8Al-1Li-3Mg

13 Ti-8Al-2Li-1B-1C

14 Ti-8Al-1Li-3Mg-1B-1C

15 Ti-8Al-1Li-3Mg-1B-1C-18i
16 Ti-26V-5Mg-3Li-1Al

17 Ti-26V-5Mg-3Li-1A1-1B-1C
18 Ti-26V-5Mg-3Li-3Al

19 Ti-26V-3A1-5Mg-1B-1C

20 Ti-26V-3A1-3Mg-1B-1C-1Li

§9-224-320s

The HIP compacts were decannced, turned down to diameters of approximately 5.6 cm (2.2 in.), and then
shipped to Nuclear Metals, Inc. for production of powder by thic plasma rotating clectrode process (PREP)
(Reference 7). 'The first alloy attempted was no. 13 (Ii-8AI-2Li- 1B-1C). ‘The sample clectrode was rotated
at 10 000 rpm, but once the arc was established, chunks broke off and a dense waite cloud crupted. Persist-
ent development of this cloud required stopping the are every 15 s and waiting until visibility was restored.
Atomization of 10 cm of the clectrode required 8 hours and resulted in 65 g of powder - a yiceld of about 1%.
The size distribution of the powder is as follows: 10.2 g of -80 mesh, 14.2 g of -60 + 80 mcsh, 14.8 i of
=30+ 60 mesh, and 25 g of + 30 mesh.

Alloy 18 (11-26V-5Mg-3Li-3Al), which did not contain B, was atomized. The clectrode did not break
into chunks ol material but clouding still occurred. Atomization for 8 h yiclded 300 g of powder - a yield of
about 4%. Alloy [l (T-8AI-21.0) was atomized to obtain powder for chemical analysis. A yicld of 90 g was
obtained in a shortened run.

Table 21 presents the chemical analysis of the PREP powder runs. All three powders contained large
amounts of O and H and had significant losses of Mg and Li.

37




MDC QA28
15 April 1989

NAWCADWAR-94098-60

(8)

200 cm

(b)

]

200 cm

89.224-208

Figure 27. HIP compacts of (a) alloys 11, 13, 14,15, 16, and 18
and (b) alloys 12, 17, 19, and 20 as received from IMT.
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Tuble 21. Composition in weight percent of pcwder produced by PREP,
Target compositions are shown for compa- ision,

Alloy 11 Alloy 13 Alloy 18
Alloying Target Actual Tar get Actual Target Actual
element composition | composition | composition | composition | composition | composition
welght % weight % weight % welght % welght % weight %

Al 8 8.12 g 8.18 3 3.25

Li 2 0.079 2 0.072 3 0.83

Mg 5 1.48

v 26 259

B 1 1.49

0 0.92 1.02 1.00

N 0.022 0.021 0.097

C 0.091 1 0.40 0.15

H 223.7 ppm 180.3 ppm 784.6 ppm

£9-224-321b

7.3 Powder Production by Induction Melting/Gas Atomization (IMGA)

The details of the IMGA facility at MDRL are described in Reference 8. The HIPed compacts from IMT
were melted in an uncoated graphite crucible at the MDRL facilities. The sides of the compact were
shiclded from the crucible by a titanium liner, but the bottom was unshielded. The heating rate was acceler-
ated (380°C/min) to minimize Li and Mg losses. Alloy 11 (Ti-8Al-7Li) was atomized initially with wmelt flow
occurring at 1800°C. A powder yicld of 215 g (28% yicld) was obtaincd, and the inside of the chamber was
covered with a fine white powder. Figure 28 shows that the particles from alloy 11 are much fincr than those
obtained in a typical production run for Ti alloys not containing Li (Reference 8). It is believed that vapor-
ization of the Li particles is suppressed in the meit, but that this vaporization explodes the small droplets in
the stream, thus lcading to smaller particles. Ailoy 12 (Ti-8 Al-1Li-3Mg) was also atomized by this process
with melt-flow initiating at 1350°C. Table 22 presents the chemical analysis of these IMGA alloys. The high
level of C is expected since the charge was only partially shiclded from the crucible. Substantiai losscs in Mg
and Lt occurred, although Li loss was much less in alloy 12, where flow was initiated at a lower temperature.

Attempts were then undertaken to obtain a melt flow at temperatures less than 1350°C to minimize lithi-
um and magncsium losses. Atiempts at induction melting at 1250 and 1300°C were made for a charge of
HIPed compact Al alloy 12 (Vi-8Al-1Li-3Mg). The heating rate was accelerated (380°C/min) to minimize
losscs. However, no flow was attained at cither of these temperatures. Thiie IMGA apparatus was concluded
to be unsuitable in its present configuration Jor producing Ti-Li-Mg alloy powder.
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Figure 28. Particle size-distribution of (0) alloy 11 (Ti-8A1-2Li) obtained
from IMGA and () a typical titanium alloy not containing lithium. (Ref 8).

Table 22, Composition in weight percent of powder produced by IMGA.

Target compositions are shown for comparision.

Alloy 11 Alloy 12
Alloying Target Actual Target Actual
element | composition | composition | compesition | composition
weight % weight % weight % weight %

Al 8 6.9 8 6.04

Li 2 0.023 1 0.19

Mg 3 0.058

0 1.19 1.56

N 0.035 0.050

C 1.12 0.62

H 189 ppm 325 ppm

40
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8. CONCLUSIONS

Results of this study clearly demonstrate that Ti-Al-Be based alloys produced by rapia solidification and
powder-mctallurgical processing are attractive candidates for use in advanced aircraft structures and propul-
sion systems. The properties of the alloys are compared with program goals in Figures 29 and 30. The prin-
cipal conclusions of this study arc:

1. In spite of the large differences in melting points of Ti and Be, rapidly solidified powders containing the
desired concentrations of Be can be produced consistently by the standard RSR technique.

2. Powders of Ti-6Al-4V-xBe and Ti-25V-xBe alloys can be extruded to fully dense rods at 900°C, a typi-
cal temperature for processing conventional Ti alloys. Powders of Ti-24Al-xBe can be extruded to fully
dense rods at 1150°C; a temperature considerably lower than that required for extrusion of corventional
TiAl based alloys.

3. The Ti-Be alloys can be machined by the same techniques used for the respective basc alloys.

4. The as-extruded microstructures ure fine grained (1-5 um)and contain fine (10-20 nm) TiBe; precipi-
tates. These microstructures can be coarsened by heat treating to enhance mechanical propertics.

5. The Be additions modify the mechanical properties in the following ways:
A) Each 1 wt% addition of Be decreases the ailoy density by 1.5%.
B) Each 1 wt% addition of Be increases the clastic modulus by 4 to 7%.

C) The Ti-Be alloys have high temperature strengths which are at least 50% greater than those of com-
parable alloys not containing Be (Figures 30a and b). At temperatures less than 800°C,
Ti-6A1-4V-TBe has higher spccific flow stresses than TiAl and Ti3 Al alloys.

(a) (b)
5.0 Density Modulus
. ~ Ti-B .
Ti-6A1-4V .@: - Ul6 TiBe
Gaal L~ g
4.0+ 200— loys —
% a 02/3
. ~ 012 Gos! 7
E 3.0 - 150 7120
3 G
— 0.08 g < Ti-6Al-4V &
2.0 25 100+ 2,
-110
1.0 - 0.04 50}
ol 0 0 0
89-224-296b

Figure 29. Comparison of contract goals and experimental results
of (a) density and (b) elastic modulus. Cross-hatched regions
denote range of values of Ti-Be alloys.
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Figure 30. Comparison of contract goals and experimental results of
(a) yield strength at 25°C and (b) elevated temperature strength.
Cross-hatched region denotes range of values of Ti-Be alloys.
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9. SUGGESTIONS FOR FUTURE RESEARCH

9.1 Control of Interstitial Oxygen Concentration

T'nis investigation demonstrated that additions of 4 to 7 wt% Be to titanium alloys effect significant re-
ductions in density and improvements in modulus and result in excellent high-temperature strengths. How-
cver, the alloys prepared for this initial study had high interstitial-oxygen concentrations and were brittle at
25°C. This brittleness is probably caused by the combined effects of the high oxygen concentrations and the
TiBey dispersions; these effects need to be isoiated to guide further alloy development.

‘The high oxygen concentrations, which were introduced during casting of the ingots, are attributed to the
relatively poor vacuam of 40 Pa (0.3 Torr) during melting and casting and to the BeO wash used to protect
the alumina crucibles from the melis. A vacuum system with lower background pressure will be required to
minimize oxygen contamination frcm the environment. Complete melting of the Lockalloy rods and other
alloying pieces was observed to occur around 1345°C, and the a'loys were cast at 1425 to 1460°C. It is signif-
icant that in the subsequent powder-production operations, which were accomplished in uncoated graphite
crucibles, the carbon and oxygen conrcentrations did not increase, even when the pour temperature was as
high as 1325°C. The results indicate that graphite crucioles can be used for melting and casting of Ti-Bz
alloys at 1325-1350°C without risking carbon contamination.

9.2 Heat Treatment Optimization

Alloys should be heat-treated to produce variations in grain sizc and distribution, and in crystallographic
texture. ‘The mechanical propertics should be evaluated to identify the heat treatment which gives the best
combination of ambient- and elevated-termperature propertics.

9.3 Microstructure/Property Correlations

The microstructures, phasc distributions, and crystallographic textures of the matrix, and crystal struc-
turcs and chemical compositions of finc precipitates, shouid be determined. The dislocation structures in
deformed specimens should be determined to identify the role of Be in modifying deformations.

9.4 Oxidation Characterization

Since Be additions can affect oxidation resistance by several mechanisms, the oxidation rates and prod-
ucts, and concentration profiles should be determined to assess the cffect of Be additions.

9.5 Superplastic Formability Evaluation

‘The alloys of the present program have fine microstructures which are stable at clevated temperatures.
Thus they are expected to have good superplastic forming propertics, which are necessary for many intended
applications. ‘The strain rate sensitivity, m, and total clongation shovld be determined as functions of tem-
perature,
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